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Abstract: Filarioid parasites represent major health hazards with important medical, veterinary, and economic
implications, and considerable potential to affect the everyday lives of tens of millions of people globally
(World Health Organization, 2007). Scenarios for climate change vary latitudinally and regionally and involve
direct and indirect linkages for increasing temperature and the dissemination, ampliﬁcation, and invasiveness
of vector-borne parasites. High latitude regions are especially inﬂuenced by global climate change and thus may
be prone to altered associations and dynamics for complex host-pathogen assemblages and emergence of
disease with cascading effects on ecosystem structure. Although the potential for substantial ecological per-
turbation has been identiﬁed, few empirical observations have emanated from systems across the Holarctic.
Coincidental with decades of warming, and anomalies of high temperature and humidity in the sub-Arctic
region of Fennoscandia, the mosquito-borne ﬁlarioid nematode Setaria tundra is now associated with emerging
epidemic disease resulting in substantial morbidity and mortality for reindeer and moose. We describe a host-
parasite system that involves reindeer, arthropods, and nematodes, which may contribute as a factor to ongoing
declines documented for this ungulate species across northern ecosystems. We demonstrate that mean summer
temperatures exceeding 14C drive the emergence of disease due to S. tundra. An association between climate
and emergence of ﬁlarioid parasites is a challenge to ecosystem services with direct effects on public health,
sustainability of free-ranging and domestic ungulates, and ultimately food security for subsistence cultures at
high latitudes.
Keywords: global warming, ﬁlarioid nematodes, vector-borne diseases, emerging diseases, reindeer popula-
tions, sub-Arctic
INTRODUCTION
Setaria tundra, a species of ﬁlarioid nematode, has caused
three documented disease outbreaks among cervids in
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1973 and 2003–2005 (Laaksonen et al., 2007) and in moose
(Alces alces) in 1989 (Nygren, 1990). The ﬁrst recognized
outbreak of S. tundra in Fennoscandia was reported by
Rehbinder et al. (1975) in 1972–1973 among Swedish
reindeer originating from forest herds at relatively low
altitudes; in contrast, the parasite was apparently absent in
animals from mountain herds. In 1973, S. tundra was
associated with ‘‘rather’’ poor body condition and perito-
nitis. Later, in the winter of 1973–1974, tens of thousands
of reindeer died in the northern part of Finnish reindeer
herding area, where severe peritonitis and large numbers of
Setaria sp. worms were commonly found in postmortem
examination (see Laaksonen et al., 2007). During this
outbreak, the Finnish reindeer population decreased from
140,000 to 98,000. The reduction was most intense in the
northern (Sodankyla ¨ level; Fig. 1) and eastern (Kuusamo)
areas where the population decreased by 40 and 30%,
respectively (Database of Finnish Reindeer Herders’ Asso-
ciation). Further in 1973–1974, S. tundra was observed for
the ﬁrst time in Norway where an explosive epidemic
among northern herds resulted in widespread condemna-
tion of meat, livers, and adjacent tissues due to the effects
of peritonitis, hepatitis, and perihepatitis (Kummeneje,
1980). The most recent epidemic in reindeer rapidly
emerged in 2003 across the southern parts of the Finnish
reindeer herding area and was ﬁrst noticed in the Kuusamo
region. As of 2005, expansion of the outbreak was exten-
sive, and only the reindeer in the northernmost part of
Finland (Kevo area) appeared to remain free of disease,
although carriers of S. tundra also appeared in northern
herds (Laaksonen et al., 2008a).
An outbreak of Setaria sp. (later determined to be S.
tundra (Laaksonen et al., 2008a)) in Finnish moose was
reported in 1989 by Nygren (1990) based on an extensive
examination of the genital tracts and adjacent tissues from
1,132 females originating from the Finnish reindeer herding
area. The number of moose examined in this study repre-
sented 83% of hunted females in the area. Setaria sp. or a
marked inﬂammatory granulomatous reaction associated
with the parasite was recorded in 29% of the adult hinds,
whereas 46% of calves and 55% of yearlings were infected.
The epidemic was most intense in the southern and middle
parts of the reindeer herding area, whereas moose from the
northern part appeared free of infection. Although this
outbreak took place within the core of the reindeer hus-
bandry area, and the reindeer population was in its peak
(Database of Finnish Reindeer Herders’ Association), no
meat inspection reports indicate increased morbidity
associated with Setaria in reindeer.
Setaria tundra nematodes have a complex life cycle
where infective larvae are transmitted to ungulate hosts by
mosquitoes (Culicidae) and in which many climate-related
drivers play a major role (Laaksonen et al., 2009). Massive
swarms of blood-feeding insects attacking herds of caribou/
reindeer are well known (Anderson and Nilssen, 1998).
Some estimates suggest that reindeer can be exposed to
attacks of approximately 8,000 mosquitoes per hour during
the mass appearance of blood sucking insects (Kadnikov,
1989), which locally is known as a ‘‘ra ¨kka ¨’’ (see Laaksonen
et al., 2009). Prevalence of S. tundra among different
mosquito populations in 2004 across endemic regions in
Finland was 0.5–2.5% (Laaksonen et al., 2009). In these
conditions, reindeer could hourly be attacked by 40 to 200
mosquitoes carrying infective larvae of S. tundra. Habitat
preferences by reindeer during periods of high tempera-
tures during the summer also may contribute as a deter-
minant of exposure to infection. During the height of warm
summers, hundreds of reindeer congregate in dense herds
in low elevation, mosquito-rich wetlands coinciding with
Figure 1. Distribution of herding areas for Finnish reindeer (black)
and the location of the three weather stations representing the region.
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2009). In these areas the microclimate is favorable for
mosquitoes, and it is presumed that hyperendemic foci of
infection enhance the potential for transmission; for
example, in these wetland habitats, the infection rate of S.
tundra in mosquitoes can reach and occasionally exceed
2.5% (Laaksonen et al., 2009). Vector breeding sites are not
limited by humidity or water resources, because mires and
bogs constitute approximately 30–40% of the total land
area in the regions where outbreaks of S. tundra have been
recognized. In contrast, only approximately 12% of upper
Lapland is bog habitat (Kumpula et al., 1999), which may
restrict transmission (Laaksonen et al., 2007, 2008a).
Where favorable environmental and host factors
coincide, the transmission of S. tundra is highly dependent
on the life span of female mosquitoes and the speciﬁc
demographics of the population (Laaksonen et al., 2009);
survival of adult mosquitoes is in part dependent on both
temperature and humidity (Barry and Juliano, 2001). For
example, during the latest epidemic, older females com-
prised a considerable component of the ‘‘wild’’ mosquito
population but densities were low (Laaksonen et al., 2009).
In contrast, the S. tundra outbreak in Sweden in 1973 was
associated with unusually warm weather and with the
appearance of especially large numbers of mosquitoes
(Rehbinder et al., 1975). The presence and proportion of
older female mosquitoes in a given population, however, is
a more critical factor for transmission of S. tundra rather
than the density alone. Older females may have fed several
times and are thus more likely to have become infected
with tens of S. tundra larvae (Laaksonen et al., 2009).
Within limits, warmth also affects the development,
reproduction, longevity, and feeding habits of mosquito
vectors (Clements, 1963, Delatte et al., 2009), and the
lowest temperature of the seasonal regime is a limiting
factor for survival (e.g., in Aedes albopictus) (Lo ¨wenberg-
Neto and Navarro-Silva, 2004). Furthermore, the hemato-
phagic activities and oviposition of mosquitoes, for exam-
ple Ae. albopictus, may be signiﬁcantly inﬂuenced by
temperature (Calado and Navarro-Silva, 2002). Finally, the
development of S. tundra to the infective stage in mos-
quitoes is highly temperature-dependent and inversely re-
lated. Warmth decreases the time required for the larval
development of S. tundra (Laaksonen et al., 2009). It is
obvious that these factors of the biology of hosts (both
deﬁnitive host and arthropod vectors) and parasites may
act in synergy with the environmental conditions to en-
hance the potential for signiﬁcant transmission, infection,
and disease outbreaks (Lafferty, 2009; Gubler et al., 2001).
Mosquito-borne pathogens and diseases are predicted
to be among the most climate-sensitive maladies (Patz
et al., 1996); however, to date, little empirical evidence has
been presented. Hoberg et al. (2008a, b) discussed some
interactions among these drivers related to climate, and the
present study provides strong empirical evidence of the
relationship. The outbreaks in 1973 and 2003–2005 led to
substantial losses to the herding economy and had a pro-
nounced inﬂuence on the welfare of calves (Laaksonen
et al., 2007, 2008b). The outbreaks have revealed that S.
tundra can act as a signiﬁcant pathogen for reindeer, which
was evident at both ante- and postmortem inspection of
slaughter animals and in histological and experimental
examinations (Laaksonen et al., 2007, 2008b). Thus, these
parasites represent a considerable threat to biological
diversity, ecological continuity, and cultural and socio-
economic well-being in the region.
METHODS
We studied the effects of ambient summer temperatures
on the known outbreaks of S. tundra in populations of
Finnish cervids, based on historical weather data (1961–
2004) from three independent meteorological stations of
the Finnish Meteorological Institute representing the
reindeer herding area of Finland (Kuusamo, Sodankyla ¨
and Kevo) (Fig. 1). The weather stations are the only
ones in the study area. Kuusamo and Sodankyla ¨ represent
the outbreak areas in 1989 and 2003–2005, whereas all
the stations represent the outbreak area in 1973. We
tested a hypothesis that the probability of Setaria out-
break in year t depends on the summer mean tempera-
tures (summer period: June–August) during year t and
year t - 1. We also assessed whether a high current year
summer temperature, Tt, was sufﬁcient for an epidemic
or whether the effect of current year temperature de-
pended on summer temperature during year t - 1. To do
this, we ﬁtted a generalized linear mixed model with
binomial errors into the data. The occurrence of an
epidemic was a dichotomous dependent variable; mean
summer temperatures Tt, Tt - 1, and their interaction,
as well as site (a random effect) were independent vari-
ables in the model. The analysis was performed using
PROC GENMOD (SAS Institute).
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The results of generalized linear modelling indicated that
the occurrence of an epidemic increased with Tt
(b = 6.60 ± 3.39 (s.e.); P = 0.0004). However, this effect
was conditional on Tt - 1 since a signiﬁcant Tt 9 Tt - 1
interaction was also observed (b = -0.86 ± 0.23,
P = 0.0002). On the basis of our model, high Tt was likely
to cause an epidemic only if Tt - 1 was higher than 14C
(Fig. 2). The mean summer temperature for the region in
study period was 12C (range, 8.8–15.1).
DISCUSSION
Our data obtained in this study suggest that warm episodes
or otherwise extreme events of temperature, embedded
within long-term trends for climate warming, are a factor
that promotes serious outbreaks and emergence of S. tun-
dra. These factors may represent a generalized determinant
for occurrence and outbreaks for other ﬁlarioid parasites
across northern latitudes.
There are many nonclimatological and climatological
factors that enhance the life cycle of S. tundra, its trans-
mission, and survival in the reindeer population. Many of
these factors remain linked to climate at some level. The
effect of these drivers on the patterns of distribution for
parasites in both deﬁnitive hosts and vectors, overall host-
pathogen relationships and emergence of an outbreak, may
be both incremental (cumulative) and extreme (episodic).
The synchrony between peak periods of S. tundra micro-
ﬁlaremia, peak activity of vectors, shedding of adult rein-
deer, and low immunity status of calves (Laaksonen et al.,
2008a, b, 2009) probably promotes the transmission of S.
tundra from adult carriers to calves. Contributing factors in
determining patterns of transmission and outbreaks are
seen in the high capacity of S. tundra to produce microﬁ-
lariae (Nikander et al., 2007), high vector efﬁciency (La-
aksonen et al., 2009), the stress and host behavior during
warm periods (Helle and Aspi, 1984; Helle et al., 1992;
Pollard et al. 1996;M o ¨rchel and Klein, 1997; Anderson and
Nilssen, 1998; Weladj et al., 2002; Laaksonen et al., 2009),
and the impact on host physiology (Laaksonen et al.,
2008a) of insect harassment. The observations also suggest
that the migrations of reindeer (Laaksonen et al., 2009) and
the characteristics of reindeer pastures (Rehbinder et al.,
1975; Dadaev, 1984; Laaksonen et al., 2009) are involved.
On the population level, the abundance of sylvatic reser-
voirs (Laaksonen et al., 2007, 2008a, b), the host density
(Laaksonen et al., 2008b), and massive antiparasitic treat-
ment in semidomesticated reindeer (Laaksonen et al.,
2008b), as well as growing immunity in host populations
may interact (Laaksonen et al., 2008a).
The possibility for emergence of the outbreaks being
linked to the introduction of a new S. tundra strain that
could have been more pathogenic for hosts cannot be ex-
cluded (Nikander et al., 2007; Laaksonen et al., 2008a;
Hoberg, 2010). Interestingly, molecular sequence data
indicate that discrete populations of S. tundra may be cir-
culating in moose and reindeer, respectively, even in zones
of sympatry (Laaksonen et al., 2008a, b). During the recent
epidemic in reindeer during 2003–2005, the moose popu-
lation peaked in northern Finland and no cases of acute
peritonitis or living adult S. tundra worms were detected;
only a few preadults were found encapsulated on the sur-
face of livers (Laaksonen et al., 2007). Thus, parasites cir-
culating in reindeer and roe deer, demonstrated as the
causative agent of the 2003–2005 outbreak, appear to be
discrete from those that may be circulating in moose or
other cervids (Laaksonen et al., 2007, 2008a). Parasite
species diversity and population structure for Setaria are
factors that require further exploration in determining
relationships to past and future outbreaks.
The results obtained from model-development in the
current study are congruent with the observations made
Figure 2. Predicted probabilities of Setaria tundra outbreaks as a
function of mean summer temperature, Tt and Tt - 1( C), for an
outbreak and the preceding year. The predictions were obtained
from a generalized linear model (occurrence of epidemic regressed
against Tt, Tt - 1 and their interaction).
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et al., 2007, 2008a). Emergence of disease conditions is not
immediate and is associated with considerable lag time
between initial transmission, infection, and development of
adult parasites in the mammalian host. Summer tempera-
tures greater than 14C increase infection rates, but the
morbidity manifests the following summer only if the
weather conditions are still favorable. According to meat
inspection data, the prevalence of S. tundra infection had
already increased in slaughter-reindeer in 2002, one year
before the outbreak (Laaksonen et al., 2007), and the degree
of disease was correlated with the intensity of infection
(Laaksonen et al., 2007). It is therefore reasonable to as-
sume that the parasite must reach prevalence high enough
in the population before the other conditions enabling the
outbreak surpass a threshold. Such a relationship is clearly
demonstrated empirically by the interaction between
cumulative long-term trends in temperature, mean sum-
mer temperatures exceeding 14C, and by the fact that
outbreak years with the subsequent emergence of diseases
in cervids have been warm (mean 13.4C; range 12.6–14.2;
Fig. 3). In this system, temperature increases greater than
14C may represent a tipping point for development and
ampliﬁcation of parasite populations (Hoberg et al.,
2008a). These interacting cumulative factors provide an
explanation for the temporal duration over 2 years
(Kummeneje, 1980; Rehbinder et al., 1975; Laaksonen et al.,
2007) and geographic extent of emergent disease. In this
regard, the outbreak reached upper Lapland (Kevo, the
region of greatest reindeer density) in 1973 when
temperatures were elevated in 1972, but not in 2003–2005
after the summer of 2002 when the summer temperature
did not exceed 14C (Laaksonen et al., 2007, 2008a). As
evidence of this cumulative interaction, the documented
genesis of the epidemic in 2003 occurred in the area where
the host density is lowest and subsequently spread into
adjacent areas (Sodankyla ¨) in 2004 and 2005 (Tt 12.9 and
14.3C, respectively (Database of Finnish Meteorological
Institute) where reindeer were considerably more abundant
(Laaksonen et al., 2008b).
TheArcticclimateisunderacceleratingchangeresulting
in both incremental (cumulative) warming and extreme
(episodic) weather events that inﬂuence temperature and
hydrological processes (Patz et al., 1996). Such processes
serve as the physical drivers for changing dynamics in pat-
terns of distribution (host and geographic), development,
survival, and transmission for an array of pathogens (Kutz
et al., 2004, 2005; Hoberg et al., 2008a). Cascading and
cumulative effects of climate change include shifts in host–
pathogen relationships. Thus, in the future in many areas,
conditions for a diverse assemblage of disease vectors and
intermediate hosts of parasites will likely improve leading to
a modiﬁcation in the intricate balance that determines the
distributionforemergentdisease(DobsonandFoufopoulus,
2001; Hoberg et al., 2008a). For example, in certain latitu-
dinal zones, coincidental with melting permafrost and
increasing rainfall, the area and number of suitable habitats
for mosquitoes may expand. Pathogen transmission and
patterns of emerging disease may become further altered
through spatial and temporal shifts in geographic range,
patterns of reproduction, and longevity for vectors (Patz
et al., 2000; Hoberg et al., 2008b). Higher temperatures also
may increase the biting rates for vectors and shorten the
incubation period for pathogens (Patz et al., 2000) and alter
the behavior of hosts (Laaksonen et al., 2009). Factors asso-
ciated with the life history of both arthropod intermediate
and ungulate deﬁnitive hosts can be convergent in ampliﬁ-
cationofparasitepopulations.Forexample,inthestudyarea
duringperiodsofhightemperatures,denseherdsofreindeer
aggregated in the mosquito-rich wetlands in response to
available water, abundant forage, and habitat-related ther-
moregulation (Laaksonen et al., 2009). Alternatively, accel-
erated climate change may have the potential for negative or
neutral effects, and not all environmental perturbation will
lead to emergence, particularly where tolerances and resil-
ience of developmental stages for parasites and vectors are
exceededbyambientconditions(Lafferty,2009;Gubleretal.,
2001).
Figure 3. V a r i a t i o ni nm e a ns u m m e rt e m p e r a t u r e s( lines)i nF i n n i s h
Lapland with the known outbreaks of Setaria tundra in reindeer
(1973 and 2003) and moose (1989) indicated (bars). Annual mean
summer temperatures were recorded at three observation stations:
K e v o ,K u u s a m o ,a n dS o d a n k y l a ¨ (Fig. 1).
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Climate and associatedweatherevents areincreasingly being
recognizedorpredictedasfactorslinkedtoemergingdiseases
attributable to both helminth macroparasites and micro-
parasites, including bacterial pathogens (Handeland and
Slettbakk, 1994; Patz et al., 1996; Harvell et al., 2002; Kutz
et al., 2005; Jenkins et al., 2006; Hoberg et al., 2008a; Ytrehus
et al., 2008; Laaksonen et al., 2009) in these high-latitude
systems. Drivers for emergence are predicted to be complex,
and for S. tundra represent interactions among mammals,
arthropods, and parasites where both direct and indirect
effects of temperature and humidity can inﬂuence the out-
come.Causesofthecurrentandexpandingdeclinesinglobal
populations of caribou and reindeer remain poorly under-
stood, butparasitesandpathogenshavenotbeenconsidered
in synergy with a diverse array of abiotic and biotic deter-
minants (Vors and Boyce, 2009; Kutz et al., 2009a). Condi-
tions in the sub-Arctic region of Fennoscandia clearly
indicate the potential impact of pathogens on the viability,
persistence, and sustainability of populations of semi-
domestic and free-ranging ungulates (Laaksonen et al.,
2007). Environmental perturbation and emergent disease
can threaten food security, socioeconomic and ecological
stability across the north with pervasive cascading effects for
northern cultures, and communities that remain dependant
onwildliferesources(Hobergetal.,2008a,b).Consequently,
parasites, pathogens and disease must be factored into the
equationsforunderstandingcurrentandfuturescenariosfor
high-latitude ecosystems under a regime of accelerating
change (Kutz et al., 2004, 2009b; Lemke et al., 2007; Hoberg
et al., 2008a, b; Tryland et al., 2009).
Beyond the sub-Arctic, a future of global climate
change could facilitate translocation, geographic expan-
sion, and dissemination of pathogenic tropical ﬁlarioids
into the Northern Hemisphere, leading to detrimental
effects on mammalian host populations and expansion of
zoonotic infections in humans (Taylor et al., 2001).
Understanding these processes depends on broadened
investigations and surveillance exploring the emergence
of vector-borne and other parasitic diseases in northern
wildlife, with attention to the complex interactions
among parasites, their invertebrate and mammalian
hosts, and the environment (Kuiken et al., 2005). Eco-
system approaches that develop comprehensive baselines
for biodiversity (linked to museum archives) against
which to assess environmental change and an exploration
of developmental thresholds, tolerance, and resilience for
pathogens and hosts are requisite components of such
programs (Hoberg et al., 2008a, b; Tryland et al., 2009).
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